The enzyme activities of endogenous xanthine dehydrogenase (XDH) and xanthine oxidase (XO) have been measured in 10 different types of mouse tumour and seven normal tissues. The conversion of XDH to XO has been observed in two tumour types upon the prolonged clamping off of the blood supply to the tumours. It is proposed that a similar conversion might also occur naturally in chronically hypoxic cells and that the ratio of the XO activity to the combined XO+ XDH activities (% XO activity) could well serve as a marker for tissue hypoxia. A qualitative relationship exists between the % XO activity and literature values of the hypoxic fraction for some tumours measured by radiobiological assays. The influence of tumour size (about 0.2-1.8 g) on % XO activity is presented for all 10 tumours as well as % XO activity determinations for four of the normal tissues.
The rationale for trying to manipulate oxygen levels in tumours and the administration of hypoxic-cell radiosensitisers in clinical trials presupposes that the selected tumours contain significant numbers of radioresistant but viable hypoxic cells (Thomlinson & Gray, 1955) . There may well be a large variability between patients and factors such as size and growth rate of the tumour might influence the size of a possible hypoxic fraction. Direct evidence for the existence of hypoxic regions in animal tumours (Garrecht & Chapman, 1983; Horowitz et al., 1983) and two human tumour types (Urtasun et al., 1986) has been obtained by the binding of administered radiolabelled misonidazole. There is strong radiobiological evidence that hypoxia exists in a range of animal tumours but estimations of their hypoxic fraction often vary widely with the assay method employed (Moulder & Rockwell, 1984) .
We now report a possible direct method of measuring the hypoxic fraction of tumours, which we have applied to 10 animal tumours, by measuring endogenous enzyme activities. The method utilises the conversion of endogenous xanthine dehydrogenase (XDH) to xanthine oxidase (XO). It is known from the study of rat liver extracts that it is possible to convert XDH into XO irreversibly by proteolysis, or reversibly by treatment with reagents for thiol groups . That XDH and not XO was present in rat organs but that some conversion could take place during extraction, was also concluded from these early studies (Giulia Batteli et al., 1972) . The proteolytic conversion of XDH to XO under ischemic conditions (Roy & McCord, 1982) and the concurrent degradation of ATP to hypoxanthine, a substrate for XDH and XO, have been proposed as prerequisites for the occurrence of tissue damage via the production of oxygen free radicals upon subsequent reperfusion with oxygen (Granger et al., 1981) . There is currently much medical interest in this mechanism for reperfusion injury (see review by Bulkley, 1987) . Our proposal is that such a conversion of XDH to XO may also occur in regions of tumours which pass from an oxic state to a chronically hypoxic state. Certain normal tissues were also investigated for comparison with the tumours.
Materials and methods
Ten different mouse tumours and seven normal tissues were used in this study. A description of the tumours, all of which arose spontaneously and have been maintained by serial passage, is presented in Table I (1 mM) and EDTA (0.3mM).
Clamping procedure Complete vascular occlusion was achieved by placing a metal clamp tightly across the base of the tumour. The tumour and overlying skin were clamped off from the underlying muscle and surrounding skin without compressing the tumour itself. Previous studies with tracer methods showed that only 0.01% of an intravascular marker enters the tumour during 30min of clamping (Denekamp et al., 1983) . Individual tumours were clamped for periods of 2-24h and the mice held either at room temperature (about 21°C) or at 37°C in a warm room.
Extraction of enzymes
The enzymes were extracted from the tissues using a method similar to that described in the literature (Ikegami & Nishino, 1986) . Weighed tissue (about 0.5g) was washed in the ice-cooled buffer followed by homogenisation in 2.5ml of the same buffer which contained 2mgml-1 soybean trypsin inhibitor (Sigma Chemical Co.), to reduce any proteolytic conversion of XDH to XO initiated upon cell rupture. However, this treatment was ineffective for some normal tissues due to high protease activity and/or possible thiol oxidation. Homogenisation of all tissues, except SaS tumours, was achieved with the aid of a loose-fitting Teflonglass homogeniser. Care was taken to maintain the temperature at 0-4°C during two slow passes of the rapidly rotating pestle. The SaS tumours could not be homogenised in this way and were subjected to sonication by a Polytron (Kinematica GmbH, Switzerland) using a 5PTS-10S aggregate for 15s at setting 6. The homogenates were centrifuged at 120,000g for 60min at 0-3°C and the supernatant solution placed on an ice bath.
Assay method XDH and XO activities in the supernatant were measured immediately by following the formation of uric acid from xanthine at 295nm. The assay was carried out similarly to BJC-D CT/GD-T ap, poorly; mod., moderately; diff., differentiated; undiff., undifferentiated; anapl., anaplastic. bRadiobiological experiment to determine the hypoxic fraction of the tumours. CData from the review of Moulder & Rockwell (1984) , c.l., confidence limits. dCT/GD, clamped tumour growth delay method; -T, time for specific growth delay; -D, dose for specific growth delay; PSC, paired survival curve method; CT/CD, clamped tumour control dose method; n.d., not determined.
that described in the literature (Ikegami & Nishino, 1986) (Kalhorn et al., 1985) and this activity was separated out to give the true XO activity). The XO activity (the possible marker for tissue hypoxia) as a percentage of the total activity (XO + XDH) was then calculated. The protein content of the supernatant was determined by a modified Lowry method using a commercial kit (Sigma, no. P5656).
Results
The measured combined activities of XO and XDH in the tissues studied are presented in Table II (Prajda et al., 1976) and span the range of enzyme activities seen for the tumours (Table II) .
The influence of tumour size on the relative activity of XO to that of XO +XDH (% XO activity) was studied for both carcinomas (Figure 1 Table II . This tumour weight corresponds to the average treatment size in radiobiological experiments (6-8mm) where the hypoxic fraction of certain tumours has been measured ( Table I) .
The changes in % XO activity upon clamping the tumours CaRh and CaNT for varying lengths of time are displayed in Figure 3 . In both cases the % XO activity increases with clamping time; the tumours in animals held at 37°C reach 100% XO activity within 12-24h. The tumours in animals held at room temperature reached 80% XO activity in about 24h. (Displacement of the control values for CaNT is because larger tumours were used in the room temperature experiments than at 37°C.) The combined XO+XDH activities fell during the time of clamping (Figure 4 ). This is consistent with the destruction of the enzymes in the necrotic volume which would be expected to increase during the time of clamping. Many parameters of the tumours would be expected to be altered upon the crude clamping off of the tumours, such as the lowering of the pH and destruction of glucose (through glycolysis) as well as the enhancement of metabolic products formed in hypoxia.
Discussion
A strict comparison between %XO activity and the radiobiological hypoxic fraction of the tumours cannot be made from this study. This is because the hypoxic fractions of the tumours used in the present study have not been measured for several years and could conceivably have changed with time. Repeated transplantation can cause many changes in tumour characteristics such as growth rate, histology and degree of hypoxia. Despite frequently returning to frozen stocks, we have measured some changes in tumour growth, CAverage value independent of tumour size.
d 10% error in estimate; n.d., unable to be determined due to high protease activity and/or possible thiol oxidation.
as detailed in Table I . Growth rate acceleration is a common observation but the reverse trend is more unusual (Steel, 1977) . (Moulder & Rockwell, 1984) . This is illustrated for the SaF and CaNT in Table I . The aim here has therefore been to compare qualitatively the trends in %XO activity and hypoxic fraction. Most radiobiological work has been done using tumours of about 6-8mm mean diameter (about 0.4g) and the %XO activity of these sized tumours are presented in Table II for comparison. We see the trend of a low % XO for SaS, medium activity for CaRh and CaNT and high activity for SaFA which is the same order of their radiobiological hypoxic fractions. The faster conversion of XDH to XO at 37°C compared to room temperature (Figure 3 ) is consistent with a temperature dependence of an enzymic reaction such as proteolysis. The timescale for the conversion of XDH to XO in clamped tumours is far longer than the induction of radiobiological hypoxia in tumours, which occurs upon clamping for about 5min (Denekamp & Harris, 1975) , and in epidermal cells which are radiobiologically hypoxic within about 30s of mice breathing nitrogen (Denekamp et al., 1974) . This observation suggests that the enzyme conversion takes place in chronically hypoxic cells and not in acutely hypoxic cells (Brown, 1979; Chaplin et al., 1987) then the % XO activity could underestimate the hypoxic fraction. The dependence of necrotic fraction on tumour size has been published for CaNT and SaF (Smith et al., 1988) and is reproduced in Figure 5 for comparison with the % XO activity measurements. The increase in necrotic fraction of CaNT parallels the increase in % XO activity up to about 0.7g tumour weight during which an approximate proportionality of 2 to 1 between chronically hypoxic and necrotic fractions can be deduced. This proportionality breaks down in larger tumours: when the necrotic fraction rises above 25% the chronically hypoxic fraction falls. This may well be the point at which not all regions of the tumour can be equally served by the growing vasculature. As the proportion of necrosis increases neoangiogenesis may result in the viable tumour tissue becoming better vascularised. A decrease in the hypoxic fraction would follow. Since tumours differ in their angiogenic properties this transition point might be expected to be tumour dependent. The chronically hypoxic fraction of the SaF tumour reaches a maximum at a smaller tumour size than for CaNT. The fact that in the CaNT tumour a maximum followed by a decrease in % XO activity is observed and the % XO activity of the SaF tumour does not continue to rise while the necrotic volume steadily rises, implies that the marker enzymes are destroyed in the necrotic regions. This conclusion is supported by the direct measurements of the fall in the combined activities of XO and XDH upon prolonged clamping (Figure 4 ) in which the necrotic volume would be expected to rise.
Early studies concluded that probably only XDH is present in rat organs (Giulia Battelli et al., 1972) but is partially converted to XO as a result of the oxidation of thiol groups as well as by proteolytic enzymes in some tissues during extraction. More recent studies on rat liver have shown that XO activity in fresh extracts is 17% of the total XO + XDH activities which is the same figure as we have found for mouse liver (Table II) . That mouse liver exists at a reduced oxygen tension, compared to other normal tissues, was concluded from the in vivo binding of 14C-misonidazole to liver (Os-Corby & Chapman, 1986) . The level of 14C activity retained in the liver was compared to that retained in the EMT-6 tumour (Garrecht et al., 1983) . A Do of 3.3 Gy has been reported for the radiosensitivity of mouse hepatocyte clonogens (Fisher et al., 1988) , which is high compared to a range of mammalian cell lines (Alper, 1979) and might indicate the presence of a subpopulation of hypoxic cells.
In conclusion evidence from this study indicates that the parameter % XO activity of XO + XDH activities might well be useful in determining possible hypoxic fractions of tissues. The whole range of measurements from zero hypoxic fraction, observed for certain normal tissues, to 100% hypoxic fraction induced upon clamping off of tumours (albeit on a longer timescale than the induction of radiobiological hypoxia) has been demonstrated. Validation of the method by concurrent radiobiology experiments and extension of the method to human tumours is clearly warranted and is in hand.
